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Kyusyu University are classified into two types by a simple N-glycosylase
Higashi-ku, Fukuoka 812 or a bifunctional N-glycosylase associated with AP lyase
Japan activity. Uracil and 3-mA DNA glycosylases are included
in the class of the simple N-glycosylase, which leaves
an AP site. T4 phage endonuclease V (Endo V) and E.
Summary coli endonuclease III (Endo III) and MutM arebifunctional
enzymes. A controversial question is whether E. coli
The three-dimensional structure of Escherichia coli MutY is a monofunctional or bifunctional enzyme (Tsai-
3-methyladenine DNA glycosylase II, which removes Wu et al., 1992, Sun et al., 1995). Another classification
numerous alkylated bases from DNA, was solved at arises from the range of a substrate’s spectrum. E. coli
2.3 A˚ resolution. The enzyme consists of three do- and Bacillus subtilis AlkAs, 3-mA DNA glycosylases from
mains: one a 1 b fold domain with a similarity to one- eukaryotic sources, Endo III, and MutM have a broad
half of the eukaryotic TATA box-binding protein, and substrate specificity, whereas the substrate specificity
two all a-helical domains similar to those of Esche- of uracil DNA glycosylase (UDG), TagI, MutY, and Endo
richia coli endonuclease III with combined N-glycosy- V is narrow.
lase/abasic lyase activity. Mutagenesis and model- Up to now, the three-dimensional structures of three
building studies suggest that the active site is located kinds of DNA glycosylases, T4 Endo V (Morikawa et al.,
in a cleft between the two helical domains and that 1992), E. coli Endo III (Kuo et al., 1992), and viral (Savva
the enzyme flips the target base out of the DNA duplex et al., 1995) and human (Mol et al., 1995) UDGs, have
into the active-site cleft. The structure of the active been reported. Endo V consists of a single compact
site implies broad substrate specificity and simple
structure with three a helices. Endo III takes two all
N-glycosylase activity.
a-helical domains and includes the [4Fe–4S] cluster in
the C-terminal region, adopting a bilobal shape with a
Introduction deep cleft separating similarly sized domains. In spite
of the structural difference, Endo V and Endo III are
Cellular DNA is easily alkylated as a result of exposure suggested as having similar catalytic mechanisms such
to carcinogenic or mutagenic alkylating agents and en- that the AP lyase reaction proceeds via a Schiff base
dogenous genotoxic agents such as S-adenosylmethio- intermediate (Sun et al., 1995). Their crystal structures
nine. Of the modified DNA constituents, 3-methylade-
and mutational analyses indicate that the amino group
nine (3-mA) is a cytotoxic DNA lesion that blocks
for the Schiff base formation is in the N-terminus for
replication (Lindahl, 1993). Escherichia coli possesses
Endo V (Vassylyev et al., 1995) and Lys-120 for Endo IIItwo 3-mA DNA glycosylases that catalyze the hydrolysis
(Thayer et al., 1995). In the viral and human UDGs thatof the N-glycosidic bond linking the 3-mA base to the
have a sequence identity of 39%, the compact a/b struc-deoxyribose–phosphate backbone (Thomas et al.,
tures of both enzymes are very similar. The concave1982). 3-mA DNA glycosylase II (AlkA), the product of the
uracil-binding pocket constructed by highly conservedalkA gene (Nakabeppu et al., 1984a, 1984b), is induced
residues represents the commonness of the exact rec-during adaption to alkylation of DNA by the positive
ognition of uracil by UDG (Mol et al., 1995; Savva et al.,regulation of the Ada protein (Lindahl et al., 1988) and
1995).catalyzes the excision of a variety of alkylated bases,
We have determined the three-dimensional structurein addition to 3-mA, from alkylated DNA (Thomas et al.,
of AlkA at 2.3 A˚ resolution. It shows thestructural similar-1982; McCarthy et al., 1984; Seeberg et al., 1995). 3-mA
ity between the monofunctional enzyme AlkA and theDNA glycosylases identified from eukaryotic sources
bifunctional enzyme Endo III (Kuo et al., 1992; Thayerhave a broad substrate specificity similar to AlkA. On
et al., 1995). Thus, AlkA is an excellent candidate forthe other hand, a constitutive 3-mA DNA glycosylase I
understanding the structural basis for the mechanistic(TagI) encoded by the tag gene has a narrow substrate
differences between the mono- and bifunctional en-specificity, and its activity is inhibited by the reaction
zymes. A comparison with UDGs may show the implica-product, 3-mA (Thomas et al., 1982; Sakumi et al., 1986).
Both 3-mA DNA glycosylases are the initial enzymes tion for broad and narrow substrate specificities.
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Table 1. Data Collection and Heavy-Atom Refinement Statistics
Parameters Native K2PtCl4 CH3HgCl KAuCl4 Na2IrCl6
Concentration (mM) — 1 1 1 1
Soaking time (days) — 14 1 4 6
Resolution (A˚) 2.1 2.1 2.3 2.1 2.3
Number of observations 102302 50261 33872 29754 51852
Unique reflections 30909 23002 17462 15740 16230
Completeness (%) 95.0 69.7 74.7 47.8 69.7
Rmerge (%)a 4.3 7.3 4.8 7.5 8.8
dphasing (A˚)b 2.8 2.8 2.8 2.8 2.8
Reflections used 12647 10019 10102 7665 10154
Completeness (%) 98.0 78.6 78.6 59.2 78.2
Riso (%)c — 18.5 16.6 10.8 12.6
Rcullisd — 0.65 0.68 0.63 0.61
Phasing power e — 1.54 1.93 1.02 1.06
Number of sites — 4 2 2 2
a Rmerge 5 SS | Ih, i 2 kIhl | /SSkIhl
b dphasing, Resolution limit of phasing
c Riso 5 S | | FPH | 2 | Fp | | / S | FP |
d Rcullis 5 S | | FPH 2 FP | 2 | FH | | / S | FH |
e Phasing Power 5 rms amplitude of the heavy atom F/residual lack of closure
Results and Discussion 1993). Domain I of AlkA is the first example of eubacterial
proteins with the same babbbba motif as TBP. The
C-terminal domain of the T4 phage transcriptional factorStructure Determination
MotA is reported tohave the variant secondary structureThe crystalstructure of AlkA was solved with themultiple
of the babbbba motif, based on nuclear magnetic reso-isomorphous replacement (MIR) method, using four
nance studies (Finnin et al., 1994). The core structure,heavy-atom derivatives (Table 1). A model containing
excluding loop regions in domain I of AlkA, closely su-two molecules of AlkA and 255 water molecules was
perimposes on the corresponding one of TBP, with anbuilt and subsequently refined at 2.3 A˚ resolution. The
rms deviation of 1.3 A˚ for 43 Ca atoms (Figure 2a).present model has a crystallographic R factor of 20.6%,
In TBP, the ten-stranded antiparallel b sheet formedwith root-mean-square (rms) deviations from ideal ge-
by an intramolecular dimer provides a concave surfaceometry of 0.013 A˚ for bond lengths and 2.18 for bond
for binding to its target DNA. The structures of two TBP–angles. With the exception of the two flexible loops
DNA complexes reveal that some hydrophobic and aro-(residues 41–46 and 143–156, the regions with obscure
matic residues on the underside of the b sheet interactelectron densities and high temperature factors) and
with DNA in theminor groove, so that theDNA conforma-C-terminal region (residues 279–282), the main-chain
tion drastically changes (Kim et al., 1993, Kim et al.,conformation and the majority of side chains are essen-
1993). In domain I of AlkA, hydrophobic and aromatictially identical for the two crystallographically indepen-
residues such as Ile and Tyr are also presented on thedent molecules. For simplicity, only one molecule will
solvent-exposed side of the b sheet. In the crystal, AlkAbe referred to in all further discussions.
exists as a dimer, with a crystal-packing interaction be-
tween monomers related by a noncrystallographicOverall Structure
2-fold axis (Figure 2b). However, the overall dimer shape
AlkA is composed of three domains; one a 1 b N-termi-
formed by domain I differs from the intramolecular dimer
nal domain (domain I, residues 1–85) and two all a-helical
of TBP, and AlkA dimers have not been reported in
domains (domain II, residues 107–230; domain III, resi-
solution (Thomas et al., 1982). It may be unlikely that
dues 86–106 and 231–282) with six and four helices, AlkA interacts with DNA on the b sheet of domain I with
respectively. AlkA totally adopts a globular shape with the formation of a dimer as TBP. The interesting problem
overall dimensions of 35 3 50 3 60 A˚ (Figure 1a). to be resolved is the role that domain Iof AlkA, especially
the solvent-exposed side of the b sheet, plays.
Domain I Similar to TATA Box-Binding Protein Yeast mapping reports show that the mag1, 3-mA
Domain I consists of a five-stranded antiparallel b sheet DNA glycosylase gene, is closely linked to the spt15,
and two a helices with the following sequential connec- TBP gene, on chromosome V-R in Saccharomyces cere-
tivity: b1-a1-b2-b3-b4-b5-a2 (Figure 1b). The arranged visiae (Xiao et al., 1994). S. cerevisiae 3-mA DNA glyco-
order of the strands in the b sheet is b1-b5-b4-b3-b2. sylase, a homolog of AlkA, does not have an N-terminal
The two a helices are packed from one side against region corresponding to domain I of AlkA (Berdal et al.,
the b sheet. This folding scheme, classified as an a–b 1990; Chen et al., 1990). These facts suggest that E. coli
sandwich structure, is topologically identical to one-half AlkA and S. cerevisiae 3-mA DNA glycosylase and TBP
of the DNA-binding domain of the TATA box-binding may have an evolutionary common ancestor.
protein (TBP), which has two structural domains related
by approximate intramolecular 2-fold symmetry, al- Domains II and III Similar to Endo III
though the sequence similarity between them is not Domains II and III are formed by six (a4–a9) and four
(a3 and a10–a12) helices, respectively. The six helicesobserved at all (Nikolov et al., 1992; Chasman et al.,
3-Methyladenine DNA Glycosylase Structure
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Figure 1. Overall Structure of AlkA
(a) Ribbon diagram of AlkA drawn with the program MOLSCRIPT (Kraulis, 1991). AlkA is composed of three domains: domain I in purple,
domain II in green, and domain III in yellow.
(b) Schematic topology (TOPS) diagram (Flores et al., 1994) of AlkA. In TOPS diagram, helices are represented by circles and strands by
triangles.
in domain II sequentially pack with antiparallel nearest- facing the cleft surrounding the loops connecting a4 to
a5 and a8 to a9, and the long loop that connects a9 toneighbor connections, forming a six-helical bundle. The
four helices in domain III arrange at angles roughly per- a10 between the two domains is similar to that of Endo
III, except for the size of the cleft. On the other hand,pendicular to each other. The two domains have essen-
tially identical folding topology to E. coli Endo III (Kuo in the region distal to the cleft, the loop lengths between
helices, the a3 helix direction, and the following longet al., 1992), the product of the nth gene (Asahara et al.,
1989), which acts as an N-glycosylase removing oxi- loop to a4 in AlkA, are different from those of Endo III.
The C-terminal region is also different because in Endodized pyrimidines from DNA and a 39-AP lyase (Figure
3a). The structural similarity between them is unex- III, the iron–sulfur [4Fe–4S] cluster loop (FCL motif),
which is absent in AlkA, is located in the C-terminalpected because of the report describing the lack of
amino acid–sequence correspondence between them, region.
The cleft of AlkA is narrower than that of Endo III. Thisalthough in the short region of both enzymes, the com-
mon helix-hairpin-helix motif is found (Asahara et al., does not derive from the opening–closing movement of
the two domains. The superposition on the a4–a7 heli-1989; Thayer et al., 1995). Furthermore, the Eisenberg
method (Bowie et al., 1991) does not predict that the ces of domain II of AlkA for the corresponding helices
aB–aE of Endo III shows the rms deviation of 1.2 A˚Endo III sequence is compatible with a 3D–structure
profile for AlkA (Z_score less than 4.2 using 46794 se- for 44 structurally equivalent Cas, and the structural
superposition of a8–a11 through domains II and III onquences in the SwissProt data bank) or vice versa
(Z_score less than 4.1). The 3D structure–based amino aF–aH reveals a close similarity with the rms deviation
of 1.2 A˚ for 44 Ca positions. The distorted positioningacid sequence alignment between them shows that 34
amino acid residues of 181 corresponding residues are of the two rigid structures, which consist of four helices
in domain II (a4–a7) and four helices extended to do-identical (Figure 3b). When nine helices (a4–a12) are
superimposed on the corresponding helices of Endo III, mains II and III (a8–a11), respectively, results in the dif-
ference in the cleft sizes between AlkA and Endo III.the rms deviation of the positions of 89 a carbons is 2.7
A˚ (Figure 3a). In addition to the nine helices, the region To investigate whether this entire a-helical two-
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sequence of Methanobacterium thermoformicicum G–T
mismatch repair enzyme (GTMR_METTF) was shown to
be compatible with the structures of both domains II
and III of AlkA and Endo III. Of proteins with higher
Z_scores (greater than 6.0) to 3D profiles of domains II
and III of AlkA and Endo III, 12 proteins having much
higher Z_scores could be responsible for the all a-helical
two-domain structure. Sequences homologous to se-
quences of the 12 proteins werethen searched in protein
sequence data banks (SwissProt, PIR, PRF, and Gen-
Bank) using the FASTA program. A total of 17 proteins
were suggested to be able to adopt the all a-helical two-
domain structure. Of this group, the functions of six
proteins are known, and all of them have DNA glycosy-
lase activity. These 17 proteins can be called the Nth/
MutY/AlkA family. The helix-hairpin-helix motif is shared
by all proteins belonging to the Nth/MutY/AlkA family,
but theFCL motif is not common in the family. In addition
to theNth/MutY/AlkA family, the helix-hairpin-helix motif
is also observed in the N-terminal 8 kDa domain con-
sisting of the four-helix bundle of rat DNA polymerase
Figure 2. Domain I Similar to TBP and AlkA Dimer b (Pelletier et al., 1994).
(a) Superimposition of domain I of AlkA and one-half of TBP (1tbp;
Chasman et al., 1993). Domain I of AlkA is shown as thick bonds
between Ca atoms, one-half of TBP as thin bonds. Active Site
(b) AlkA dimer found in the crystal structure. The dimer interface Sequence data on 3-mA DNA glycosylases from micro-
contains salt bridges, hydrogen bonds, and van der Waals interac-
bial (E. coli, B. subtilis, S. cerevisiae; Nakabeppu et al.,tions involving a2 and b1 in domain I and loops connecting a8 to
1984b; Morohoshi et al., 1993; Berdal et al., 1990; Chena9 in domain II. An area of about 1300 A˚2 of the 13500 A˚2 available
et al., 1990), higher plant (Arabidopsis thaliana; Santerresurface of each monomer is buried upon dimer formation.
and Britt, 1994) and mammalian (rat, mouse, human;
Chakravarti et al., 1991; O’Connor and Laval, 1991; Sam-
son et al., 1991; Vickers et al., 1993) sources have beendomain structure is found in any other known proteins,
protein sequences with structures similar to AlkA, do- reported. The sequence of E. coli AlkA has been com-
pared with that of B. subtilis and S. cerevisiae. Themains II and III of AlkA, and Endo III were identified in
the SwissProt data bank using the Eisenberg method homology between mammalian sequences is intuitively
obvious, and the higher plant enzyme also shares signifi-(Bowie et al., 1991). The result (Table 2) shows that the
structural similarity between domains II and III of AlkA cant sequence homology with the mammalian enzymes.
However, sequence similarities between the mammalianand Endo III was not detected as described above. How-
ever, this similarity was estimated from the fact that the and microbial enzymes seem subtle. The sequence
Table 2. Sequence Compatibility Search with 3D Structure Profiles for AlkA, Domains II and III of AlkA, and Endo III
AlkA (282) Domains II & III of Alka (193) Endo III (211)
name Z_score name Z_score name Z_score
3MG2_ECOLI* 65.8 3MG2_ECOLI* 47.1 END3_ECOLI* 49.2
ALKA_BACSU* 14.8 ALKA_BACSU* 8.2 END3_HAEIN* 47.9
MAG_YEAST* 11.8 MAG_YEAST* 8.0 END3_BACSU* 32.4
EAG_BACSU 6.6 GTMR_METTF* 7.9 UVEN_MICLU* 23.8
TRA1_STAAU 6.2 EAG_BACSU 7.7 GTMR_METTF* 17.5
NU4M_DROME 6.1 CRTB_SYNP7 6.6 MUTY_ECOLI* 14.4
NCAP_TACV 6.5 MUTY_SALTY* 14.0
GLBM_ANATR 6.3 MUTY_HAEIN* 12.3
RS18_CYAPA 6.3 YAB5_YEAST* 9.9
CAPA_STAAU 8.6
CHEZ_SALTY 6.7
YAO0_YEAST 6.2
All sequences that received a Z_score of 6.0 or greater are listed. A gap opening penalty of 5.0 and gap extension penalty of 0.05 were used.
Number of sequences in SwissProt data bank is 46794. Asterisk indicates sequences belonging to the AlkA/Nth/MutY family. 3MG2, AlkA;
END3, Endo III; MAG, 3-mA DNA glycosylase; EAG, hypothetical 16.4 kDa protein; GTMR, possible G–T mismatch repair enzyme; UVEN, UV
endonuclease; TRA1, transposase; CRTB, phytoene synthase; NU4M, NADH-ubiquinone oxidoreductase chain 4; NCAP, nucleocapsid protein;
GLBM, globin minor; RS18, 30S ribosomal protein S18; YAB5, hypothetical 45.6 kDa protein; CAPA, CapA protein; CHEZ, chemotaxis protein
CheZ; YAO0, hypothetical 11.6 kDa protein; ECOLI, E. coli; BACSU, B. subtilis; HAEIN, Haemophilus influenzae; YEAST, S. cerevisiae; METTF,
M. thermoformicicum; MICLU, Micrococcus luteus; STAAU, Staphylococcus aureus; SALTY, Salmonella typhimurium; DROME, Drosophila
melanogaster; SYNAP7, Synechococcus sp.; TACV, tacaribe virus; ANATR, Andara trapezia; CYAPA, Cyanophora paradoxa.
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Figure 3. Domains II and III Similar to
Endo III
(a) Superimposition of domains II and III of
AlkA (thick lines) and Endo III (thin lines).
(b) Sequence comparison of domains II and
III of AlkA and Endo III. Asterisks and number
signs mark the amino acid sequence identi-
ties among E. coli, B. subtilis, and S. cerevis-
iae 3-mA DNA glycosylases and among E.
coli Endo III and its homologous proteins be-
longing to the Nth family, respectively.
alignment of three microbial enzymes revealed that the Of several residues conserved in the three 3-mA DNA
glycosylases and facing the cleft, Asp-237 (Glu in S.residues conserved within them were found in the region
surrounding the cleft between domains II and III (Fig- cerevisiae) and Asp-238 were replaced by Asn and Gln-
124 and Trp-218 by Ala, respectively,using site-directedure 4a).
Figure 4. Active Site Suggested by Sequence Conservation and Mutational Analysis
(a) Sequence conservation. The tube model is colored according to their conservation in three 3-mA DNA glycosylases, with absolutely
conserved residues in red, conserved residues between two species in purple, and nonconserved residues in blue.
(b) Stereo view of the active-site cleft between domains II and III.
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mutagenesis (Figure 4b). The sensitivity to methylmeth- AlkA could cleave the glycosidic bond of the modified
nucleosides, which can be located in the cleftand whoseane sulfonate (MMS) of alkA mutant cells (MS23) harbor-
ing mutant and wild-type genes was investigated. Two C(19) atom can be positioned near the catalytic Asp-
238. The loose fixing of substrates in the active site ismutants (Q124A and D237N) rendered the cells resistant
to MMS, as did the wild-type, but cells carrying the supported by the behavior of the D238E mutant; that is,
the mutant protein with the replacement of Asp-238 withD238N and W218A mutants remained MMS-sensitive,
as did MS23. The amount of wild-type and mutant pro- Glu can render the MS23 cells somewhat resistant to
MMS. This contrasts with the uracil-binding pockets thatteins within the MS23 cells was examined by Western
blot analysis using polyclonal antibodies against AlkA, are found in the two UDGs. The crystal structures of
viral and human UDGs complexed with uracil andand the almost equal production of these proteins was
confirmed. Furthermore, circular dichroism spectra in 6-aminouracil, respectively, show that uracil in DNA is
specifically recognized by the absolutely conserved res-the range of 200–250 nm of purified D238N and W218A
mutant proteins were quite similar to the spectrum of idues with tight fitting within the narrow active-site
pocket, which is formed by the highly conserved resi-wild-type AlkA, indicating that the structures of both
mutants keep the wild-type structure without much dues (Mol et al., 1995; Savva et al., 1995). Furthermore,
in human UDG, Asp-145 is identified as one of the fourstructural perturbation. These results strongly suggest
that the active site is located in the cleft between do- residues that are most critical to glycosylase activity,
and the mutation of Asp-145 to Glu or Asn loses themains II and III. In Endo III, the active site of the AP lyase
was also identified to be in the interdomain groove, by activity (Mol et al., 1995). In AlkA, the conservation of
the residues surrounding the cleft between domains IIthe combination of mutagenesis and structure-based
sequence comparisons (Thayer et al., 1995). The Asp and III is much lower than that found in the uracil-binding
pocket of human and viral UDGs. This may reflect theresidue at position 238 of AlkA is absolutely conserved
within the Nth/MutY/AlkA family. Therefore, the Asp at difference in substrate specificities among the 3-mA
DNA glycosylases, because the yeast enzyme is re-this position is the most likely candidate as a catalytic
residue in the N-glycosylase reaction. Especially, the ported to recognize 3-mA, 7-alkylguanine, 1,N6-ethen-
oadenine, and hypoxanthine but not 5-formyluracil,Asp of the monofunctional enzymes may act as a nu-
cleophile or as a general base activating the nucleophilic 5-hydroxymethyluracil, and O2-methylthymine (Bjoras et
al., 1995).water. On the other hand, the position corresponding
to 218 may be the determinant for substrate specificity On the other hand, in bifunctional enzymes Endo III
and Endo V, the recognition site of base lesions for Endoor activity or both, because the tryptophan residue is
conserved among the 3-mA DNA glycosylases, the ser- V has been determined from the crystal structure of
Endo V–DNA, including a pyrimidine dimer complex,andine residue among the MutY homologs, and the lysine
residue among the homologs of the glycosylases with the active residues of both enzymes have been esti-
mated from the combined mutational analysis of crystalAP lyase activity. In AlkA, Trp-218 can be replaced by
Tyr without losing its ability to confer MMS resistance structures. It has been suggested that both enzymes
have a similar catalytic mechanism such that the APon MS23 cells. Therefore, it is suggested that the aro-
matic side chain at position 218 is effective for the re- lyase reaction proceeds via a Schiff base intermediate.
As the amino group for the Schiff base formation, themoval of methylated purines and pyrimidines. AlkA gen-
erally releases positively charged alkylated bases at a N-terminus of Endo V and Lys-120 of Endo III are identi-
fied. On the contrary, the monofunctional DNA glycosy-rate much faster than uncharged bases. This substrate
preference of AlkA may result from the fact that posi- lases are proposed not to be able to form the Schiff
base covalent intermediate with the sugar moiety (Kow,tively charged N-methylpurines such as 3-mA and
7-methylguanine interact more strongly with the aro- 1994; Sun et al., 1995). Indeed, AlkA does not have the
N-terminus or any lysine residues in the active-site cleft.matic rings through stacking than do the normal bases,
so that Trp-218 may recognize the positively charged
alkylated bases in alkylated DNA by the predominant
Implications for DNA Bindingstacking interaction (Ishida et al., 1988; Yamagata et al.,
In order to propose the DNA-binding region in AlkA, the1994).
electrostatic potential of the molecule was calculated.AlkA can remove 3-alkylpurine, 7-alkylguanine,
The electrostatic potential surface showed an asymmet-O2-methylpyrimidine, the N2–3-ethano- and N2–3-ethen-
ric distribution, as shown in Figure 5a. The extensiveoguanines, hypoxanthine, 5-formyluracil, 5-hydroxy-
electrostatically positive face was positioned across themethyluracil, and 1,N6-ethenoadenine from damaged
surrounding concave surface between domains II andDNA (Thomas et al., 1982, McCarthy et al., 1984; Matija-
III. This extended positively charged region must providesevic et al., 1992; Bjelland et al., 1994; Saparbaev and
a suitable DNA contact surface. Docking between DNALaval, 1994; Saparbaev et al., 1995). The active-site cleft
and AlkA, using the computer graphics program IN-of AlkA looks like a tunnel as a result of the capping of
SIGHT, showed that the DNA double helix can locatethe aromatic side chain of Try-239. The Asp-238 and
on the AlkA so as to extend the electrostatic interactionTrp-218 residues lie near the entrance to the tunnel. The
between DNA and AlkA. In the modeling, the potentialwidth of the tunnel is circa 10 A˚, just allowing binding
interaction between the substrate 3-mA and the activeto the modified purines and pyrimidines, and the length
site including Asp-238 and Trp-218 required the targetis circa 20 A˚, which is long enough to interact with
3-mA to be flipped out of the double-stranded DNA helixthe modified nucleosides. This space is suggested to
explain the broad substrate specificity of AlkA; that is, and into the active-site cleft (Figure 5b). The target base
3-Methyladenine DNA Glycosylase Structure
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Figure 5. Implications for DNA Binding
(a) Electrostatic surface and fold of AlkA. The electrostatic potential is mapped onto the solvent-accessible surface of AlkA with positive
colored blue, negative red, and neutral white. Surface potential was calculated with the program DELPHI, using the protein partial charges
and a radius of 1.7 A˚ for the solvent, with the solute and solvent dielectric constants set to 2.0 and 80.0, respectively.
(b) Proposed model for DNA binding. The base flipping of the target 3-mA base out of the double-stranded DNA and into the active-site cleft
(yellow) is shown with the AlkA ribbon diagram (blue and the helix-hairpin-helix motif in pink). In this model, the distortion in the sugar–phosphate
backbone is associated with the base flipping, and the DNA lies on the extended positively charged surface. The kink of the DNA helix must
be necessary in order for the 3-mA base flipped out to be accessible to the active residues, Asp-238 and Trp-218, although this kink angle
may not be as large a value as observed in the Endo V–DNA complex (almost 608; Vassylyev et al., 1995).
MS23 (alkA2; Yamamoto and Sekiguchi, 1979) was used for expres-flipped out from the DNA duplex has been observed in
sion of mutant proteins and for a test of sensitivity to MMS, asthe crystal structures of cytosine-5-methyltransferases
described previously (Nakabeppu et al., 1984a). D238N and W218AM. HhaI and M. HaeIII complexed with their cognate
mutant proteins were purified as the wild protein, except that a
DNAs (Klimasauskas et al., 1994; Reinisch et al., 1995). column of phosphocellulose P11 was changed to a column of
The crystal structures of viral and human UDGs, E. coli S–sepharose.
Polyclonal rabbit antibodies against AlkA were prepared usingphotolyase (Park et al., 1995), the C-terminal domain of
the wild-type protein, as previously described (Ihara et al., 1994).E. coli O6-methylguanine DNA methyltransferase (Ada
Western blotting was also done as described by Nakabeppu et al.protein; Moore et al., 1994), T4 phage b-glucosyltrans-
(1993).ferase (Vrielink et al., 1994), TaqI methyltransferase (La-
bahn et al., 1994), and Endo III (Thayer et al., 1995) Crystallization and Data Collection
suggest that such flipping out of the target bases is the Crystals were grown using the sitting-drop vapor–diffusion tech-
most important mechanism for substrate binding by the nique at 108C. The best crystals were obtained from a droplet con-
taining 5 mg/ml protein, 0.5% polyethylene glycol 6000, 1 mM EDTA,DNAbase–modifying enzymes. In contrast, the T4 phage
1 mM 2-mercaptoethanol, 5% glycerol in 20 mM Tris buffer (pH 8.5),Endo V–DNA complex shows that the adenine base on
equilibrated against a reservoir containing 7% polyethylene glycolthe position opposite to the thymine dimer is flipped out
6000 (Yamagata et al., 1988). The space group is the lower symmet-
(Vassylyev et al., 1995). In DNA duplexes with damaged ric P21, rather than the C2 that we previously reported, with cell
bases, the irregular base pairs derived from modification dimensions of a 5 58.61, b 5 76.93, c 5 62.27 A˚, and b 5 110.48.
must reduce the stability of the DNA duplex. The DNA– Diffraction data were measured using a Rigaku R-axis IIC imaging
plate area detector mounted on a Rigaku RU 300 rotating anodeprotein interactions, furthermore, may supply the hy-
X-ray generator (40 kV, 200 mA) at 78C. The crystal-to-detectordrophobic field around the DNA and promote the base
distance and exposure times were 100 mm and 15–25 min, respec-flipping. Therefore, the recognition of the base flipping
tively, for 2.58 oscillation. Data were reduced using the software
out of the helical structure by DNA repair enzymes must provided by Rigaku.
be a common occurrence, as pointed out by Roberts
(1995) and Vassylyev et al. (1995). MIR Phasing and Refinement
The crystal structure was determined using the MIR method with
four heavy-metal derivatives (Table 1). Heavy-atom positions wereExperimental Procedures
determined from each isomorphous difference Patterson map, and
common hands and origins were established from cross-phase dif-Expression, Purification, and Mutagenesis
AlkA was purified from cells overproducing the enzyme, strain DH1 ference Fourier maps. Heavy-atom refinement and phase calcula-
tions were carried out using the program PROTEIN (Steigemann,or HB101 harboring plasmid pYN3070, according to the procedure
of Nakabeppu et al. (1984a) with minor modifications. A column of 1985). A mean figure-of-merit of 0.66 (15.0–2.8 A˚) was calculated
for the final MIR phases. The 2.8 A˚ MIR phased map was used forheparin–sepharose was used in spite of the DNA cellulose column.
The purified AlkA was concentrated to roughly 7 mg/ml for crystalli- the initial tracing of the polypeptide chain with the program TOM.
The initial model, which consisted of 90% amino acid residues, waszation experiments.
Site-directed mutagenesis was performed by polymerase chain refined using stereochemically restrained simulated annealing and
positional refinement with the program X-PLOR (Bru¨nger, 1993). Thereaction. The mutant alkA genes were combined with the MluI frag-
ment from pBluescriptKS1 to construct the expression plasmids. remaining residues were fit to 2Fo–Fc maps. The resolution limit
Cell
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was gradually increased to 2.3 A˚ resolution by several cycles of Ihara, K., Kawate, H., Chueh, L.L., Hayakawa, H., and Sekiguchi,
M. (1994). Requirement of the Pro–Cys–His–Arg sequence for O6-rebuilding and X-PLOR refinement. Each model was examined with
the 3D-profile method (Bowie et al., 1991). The final model had a methylguanine-DNA methyltransferase activity revealed by satura-
tion mutagenesis with negative and positive screening. Mol. Gen.high 3D-profile score and no problem regions in the 3D-profile win-
dow plot. The positions of ordered solvent molecules were automati- Genet. 243, 379–389.
cally determined from Fo–Fc electron density maps using the pro- Ishida, T., Doi, M., Ueda, H., Inoue, M., and Scheldrick, G.M. (1988).
gram FLAPPER (written by S. F.) and refined. Specific ring-stacking interaction on the tryptophan-7-methylgua-
The current structure, containing 4428 protein atoms and 255 nine system: comparative crystallographic studies of indole deriva-
water molecules, was refined to a crystallographic R value of 0.206 tives-7-methylguanine base, nucleoside, and nucleotide complexes.
for 20578 reflections (completeness 94.5%) with F > 3s in the resolu- J. Am. Chem. Soc. 110, 2286–2294.
tion range 6.0–2.3 A˚. The rms deviations of the bond lengths and Kim, J.L., Nikolov, D.B., and Burley, S.K. (1993). Cocrystal structure
angles are 0.013 A˚ and 2.18, respectively. The coordinates will be of TBP recognizing the minor groove of a TATA element. Nature
deposited in the Protein Data Bank, Brookhaven. 365, 520–527.
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